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4X-2X Potato Clones with Resistance or Susceptibility to Internal Heat Necrosis Differ
in Tuber Mineral Status

S. B. Sterrett,* K. G. Haynes, G. C. Yencho, M. R. Henninger, and B. T. Vinyard

ABSTRACT

Internal heat necrosis (IHN) is a physiological disorder resulting in
necrotic tissue in the pith of potato (Solanum spp.) tubers. Sus-
ceptibility is associated with localized Ca deficiency within the tuber,
but Ca availability may be influenced by other nutrients. Studies in
Virginia, North Carolina, and New Jersey in 2001 and 2002 deter-
mined the influence of soil-applied Ca on tuber yield, specific gravity
(SG), IHN, and nutrient concentration. Furrow-applied Ca sulfate
(448 kg ha ' Ca) was applied to IHN resistant or susceptible inter-
specific 4X-2X 8. tuberosum L. (tbr) X S. phureja Juz. & Bukasov-S.
stenotomum Juz. & Bukasov hybrids. Tuber yield, SG, incidence and
severity of IHN, and pith concentrations of P, K, Mg, Ca, S, Na, Zn,
Mn, Cu, and Fe were determined. Clones differed significantly for
yield, SG, and IHN expression. Resistant clones were lower in IHN
incidence than susceptible clones, but the clone X Ca interaction was
not consistently significant within location—years. Incidence was fit
with a classification and regression tree (CART) model with the 10
nutrients as regressors, which revealed that IHN-resistant clones had
higher tuber concentrations of Mn and S, but lower P. These results
suggest that resistance or susceptibility to IHN is a complex function of
tuber tissue mineral status. Mn, S, and P may make a more important
contribution to clonal IHN resistance than Ca. Additional work is
needed to verify the potential for minimizing IHN by either nutrient
management or genetic enhancement.

INTERNAL HEAT NECROSIS, also known as internal brown
spot (IBS), is a physiological disorder that is char-
acterized by necrotic tissue appearing in the pith of
potato tubers, usually toward the apical end of the tuber
parenchyma. Growers in the mid-Atlantic region expe-
rience recurring quality problems due to the expression
of THN. Informal surveys of growers and Cooperative
Extension agents indicated that in 2004, 10 to 15, 12, and
2% of the potato acreage in North Carolina, Virginia,
and New Jersey, respectively, was lost to internal dis-
orders. Sterrett et al. (1991b) found that the expression
of IHN was influenced by temperature stress early in the
growing season, the number of rain events, and growing
conditions as reflected in tuber size distribution. Since
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the expression of IHN varies from year to year, screen-
ing for IHN resistance requires multiple location—years.

Efforts to breed IHN-resistant cultivars with high SG
have been hampered by the narrow genetic base within
tbr (Mendoza and Haynes, 1974). B5141-6, originally
released as ‘Lenape’ (Akeley et al., 1968), and subse-
quently withdrawn for high glycoalkaloids (Anon.,
1970), is the primary genetic source of high SG among
U.S. potato cultivars (Douches et al., 1996; Haynes et al.,
1995). The two major potato chipping cultivars currently
grown in the mid-Atlantic region are ‘Atlantic’ and
‘Snowden’; both are progeny of B5141-6 (Love, 1993).
They are also both susceptible to IHN. Henninger et al.
(2000) reported no relationship between SG and sus-
ceptibility to IHN within the USDA/ARS tbr breeding
population; however, clones derived from Atlantic were
more susceptible to IHN. Development of high SG, THN
resistant clones utilizing tbr alone have so far been
unsuccessful. A diploid hybrid potato population of S.
phureja-S. stenotomum has been extensively improved
for high SG (Haynes et al., 1995; Haynes, 2001). High
SG clones from this population have been utilized in
4X-2X crosses with tbr as the tetraploid parent. Sterrett
et al. (2003) identified clones with significantly less IHN
than Atlantic among the progeny of these crosses. The
physiological and/or biochemical mechanisms governing
IHN resistance in this germplasm is unknown.

The relationship between tuber Ca concentration
and susceptibility to IHN is unclear. Kratzke and Palta
(1986) used a divided-pot system to investigate Ca up-
take from tubers and basal roots. They concluded that
Ca concentration in tuber peel and pith tissue could be
increased by the addition of Ca to the tuber and stolon
region but not through basal roots. Application of Ca
in a preplant strip increased Ca uptake in periderm and
pith tissue compared with sidedress or broadcast treat-
ments (Palta, 1996; Simmons et al., 1988). Tzeng et al.
(1986) reported that tuber Ca concentration was nega-
tively correlated with incidence of IBS in ‘Russet Bur-
bank’ (zbr) on sandy soils that were low or deficient in
Ca. Atlantic has significantly less pith tuber Ca and a
significantly greater percentage of tubers with THN than
the IHN-resistant ‘Superior’ (Sterrett and Henninger,
1991). Sterrett and Henninger (1991) found that CaSO,
banded in the seedpiece furrow significantly reduced
the percentage of tubers with IHN and the severity of
IHN in Atlantic, but IHN was not sufficiently reduced
to meet U.S. No. 1 grading standards of no more than
5% internal defects by weight (USDA, 1972). Similarly,
Silva et al. (1991) reported that reduction in incidence of

Abbreviations: CART, classification and regression tree; IBS, internal
brown spot; IHN, internal heat necrosis; tbr, S. tuberosum; SG, specific
gravity.
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IBS with applications of 560 or 840 kg ha™! gypsum were
partial and inconsistent. Kleinhenz et al. (1999) noted a
reduction in internal defects (including hollow heart)
in Atlantic from 16.4 to 10.6% with tuber pith tissue Ca
exceeding 100 wg g~ '. However, Davies (1998) reported
that there is no clear threshold value for Ca below which
IHN is expressed. He reported that the correlations of
Mg and phosphate with incidence of IHN were higher
than for Ca, whereas the correlations of Na, K, B, Al,
Mn, Fe, Co, Cu, Zn, Sr, Mo, and Ba with incidence of
THN were poor.

Research by Bamberg et al. (1993) has suggested that
there are species differences in the ability to accumulate
Ca in the tubers. They evaluated unpeeled tuber Ca
accumulation ability among 21 Solanum species. In a low
(80 ppm from tap water) Ca environment, S. stenotomum
accumulated 187% more Ca than tbr. Unfortunately,
they did not evaluate S. phureja. The potential for im-
proved tuber Ca concentrations from S. stenotomum and
the identification of both susceptible and resistant 4 X—
2X hybrids provides the opportunity to examine the
relationship between susceptibility to IHN and the abil-
ity to accumulate Ca or other nutrients in tuber tissue.

Davies (1998) suggested that the nutritional status of
the tuber with respect to IHN-resistance should be more
thoroughly investigated. The purposes of this study
were to (i) investigate the influence of Ca applied to Ca-
sufficient native soils on yield, SG, expression of IHN,
and nutrient composition of genetic material with known
resistance or susceptibility to IHN; and (ii) determine the
relationship among nutrient concentrations within the
tuber pith and susceptibility or resistance to IHN.

MATERIALS AND METHODS

Controlled crosses were made during the spring of 1991-
1993 between advanced tetraploid tbr clones or cultivars and
diploid Solanum phureja—S. stenotomum clones. The resulting
4X-2X clones were screened for susceptibility to IHN in 1999
and 2000 in Plymouth, NC, Painter, VA, and Bridgeton, NJ
(Sterrett et al., 2003). On the basis of those evaluations, nine of
the most IHN-susceptible and eight IHN-resistant clones were
chosen for this study. Atlantic was included as the suscepti-
ble standard.

At each mid-Atlantic location, the factorial study (18 clones
X 2 CaSO, rates) was planted in a randomized complete block
design with three replicates. CaSO, (0 or 448 kg ha™' Ca) was
applied as an in-furrow treatment over the seedpieces before
covering. Each plot consisted of 20 hills spaced 0.23 m within
the row at each location. Clones were planted in a different site
each year on a Portsmouth fine sandy loam soil (fine-loamy
over sandy or sandy-skeletal, mixed, thermic Typic Umbra-
quult) in Plymouth, NC; a Bojac sandy loam soil (coarse-
loamy, mixed, thermic Typic Hapludult) in Painter, VA; and a
Sassafras sandy loam soil (fine-loamy, silicaceous, mesic Typic
Hapludult) and an Aura loam (fine-loamy, mixed mesic Typic
Hapludult) in Bridgeton, NJ, in 2001 and 2002, respectively.
Soil pH, native soil Ca, and planting and harvest dates varied
among years and locations (Table 1). Temperatures recorded
during the growing season were used to compute accumulated
heat units based on the model developed by Lee et al. (1992),
with 10°C as the base unit and penalties calculated when mini-
mum or maximum temperature exceeded 21 or 25°C, respec-
tively. The accumulated heat units were plotted to compare

Table 1. Soil pH, native soil Ca concentration, and planting and
harvest dates for 18 potato clones evaluated in the soil-applied
Ca study conducted in Bridgeton, NJ, Painter, VA, and Plym-
outh, NC, in 2001 and 2002.

Soil Native Planting  Harvest Days to

Location Year pH soil Ca date date harvest
mg kg

Plymouth, NC 2001 5.9 918 14 March 17 July 125
Painter, VA 2001 6.8 419 9 April 16 July 98
Bridgeton, NJ 2001 6.5 961 20 April 20 August 122
Plymouth, NC 2002 5.5 - 20 March 27 July 129
Painter, VA 2002 64 522 25 March 22 July 119
Bridgeton, NJ 2002 6.3 747 17 April 19 August 124

temperature stress among environments (Fig. 1). Tubers from
each plot were mechanically harvested, sized into groups
(<48, 48-64, 64-83 and >83 mm in diam.), weighed by group,
and washed. Specific gravity was determined on tubers (64—
83 mm) by the weight-in-air, weight-in-water method (Murphy
and Goven, 1959). Tissue samples were obtained from each of
10 clean tubers (64-83 mm) from each plot using a No. 9 cork
borer to obtain a longitudinal section. Tissue external to the
pith was removed with a sharp stainless steel knife; tissue cores
were sliced and dried at 60°C for tissue analyses. Since symp-
toms of IHN occur in the tuber pith tissue, the focus of this
study was the mineral concentrations in the pith tissue. Pith
tissue samples from all locations were shipped to a commercial
laboratory (A & L Labs, Richmond, VA) to be ground and
analyzed for P, K, Mg, Ca, S, Na, Zn, Mn, Cu, and Fe as a single
batch each year. Tuber tissue was prepared for analyses by
microwave assist open nitric/hydrochloric acid digestion using

2001
450
400
300 / ng
250 / - =
200 +++++++++++++:+—
150 / |-|-++ +4

+
100 /7 ettt

50 1 Zitpt
0'|||||||||||||||||||||||||||||||||||||||||

1 10 19 28 37 46 55 64 73 82 91 100 109 118
Days After Planting
VA —+—=NC =— =NJ

Accum. Heat Units

2002
450
400
350
300
250
200
150
100

Accum. Heat Units

25 37 49 61 73 85 97 109 121
Days After Planting

VA —+=NC =— =NJ

Fig. 1. Accumulated heat units according to the model of Lee et al.
(1992) during the growing season for each location-year.
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closed vessel microwave digestion (CEM Mars 5) then deter-
mined by inductively coupled plasma spectrometry (Mills and
Jones, 1996). All tubers within each plot exceeding 64 mm
in diameter were counted, quartered longitudinally (including
those sampled for tissue analyses), and evaluated for THN
using a 9 (no necrosis) to 1 (severe IHN) rating scale (Sterrett
etal., 1991a). For those plots with <20 tubers exceeding 64 mm
in diameter, sufficient tubers from the 48- to 64-mm category
were cut to total 20 tubers. Incidence of IHN (percentage of
tubers expressing symptoms) and severity (mean ITHN rating)
were determined for each plot.

Statistical Analysis

Yield, SG, incidence, and severity of IHN, and pith tissue
concentration of P, K, Mg, Ca, S, Na, Zn, Mn, Cu, and Fe were
analyzed using the general linear models procedure in SAS
(SAS, 1999) by location-year. Contrasts between IHN-
susceptible and IHN-resistant clones were computed for all
variables. Correlation coefficients between incidence of IHN
and the 10 nutrients as well as among the 10 nutrients by
location—years were calculated.

Incidence of THN from each location-year was fit with
a CART (Breiman et al., 1984) model using S-Plus software
(S-plus, 2001). The 10 nutrients served as potential regressors,
to identify subsets of nutrients and ranges of their values that
are able to predict incidence of IHN. Tree models are more
robust and general than stepwise regression models because
they iterate exhaustively over all possible partitions of the data
points to search for subsets of the data and independent varia-
bles that best predict the dependent variable. This approach is
a much more specific approach than just looking for inter-
actions among independent variables. Complex interactions
among nutrients at the cellular level can be more thoroughly
investigated using CART analyses since tissue concentrations
of these nutrients are not independent.

RESULTS AND DISCUSSION

Fourteen variables were analyzed in this research:
yield, SG, incidence and severity of IHN, and tuber con-
centrations of P, K, Mg, Ca, S, Na, Zn, Mn, Cu, and

Table 2. Analysis of variance on yield, specific gravity, incidence,
and severity of internal heat necrosis (IHN) for 18 4x-2X
clones grown in Plymouth, NC, Painter, VA, and Bridgeton, NJ,
in 2001 and 2002.

Source d.f. Yield Specific gravity PIHN:i  IHN rate§
2001
Rep 2  ns, ns, ns ks, * *k,ns, ms %, ns, ns
ClOneS 17 **’ **’ ek **’ **’ ek **’ **’ ek **’ **, ek
R vs. S# ) L T *, Kk g R
Ca 1 ns, ns, ns ns, ns, ns *, ms, ¥ #k s, *F
Clone X Ca 17 ns, ns, ns ns, ns, ns ns, ns, **  ns, ns, ns
2002
Rep 2 ns, ns, ns %, ns, * *, ns, NS %, ns, ns
Clones 17 &k %% pg ok ek ok ok Rk ok k] k] ok
Ryvs. S 1 #% %% g ok g, Hk I
Ca 1 ns, ns, ns ns, ns, ns ns, ns, NS ns, ns, ns
Clone X Ca 17 ns, ns, ns ns, ns, ns *, ns, ns ns, ns, ns

* Significant at the 0.05 level of probability.

** Significant at the (.01 level of probability.

T Locations = North Carolina, Virginia, New Jersey, respectively.

I Percentage of tubers with symptoms of IHN, analyzed using arsine
(square root) transformation.

§ Mean rating IHN for all tubers > 64 mm in diameter.

1l ns, not significant.

# Clones resistant to THN (R) or susceptible (S).

40 —= TS
35
30 Ak ns
25 1 -
-
< 20 -
= s s Hk -
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5 L
0 . . . . .
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&} 4
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*,** significant at the 0.05 and 0.01 probability levels
or not significant, respectively.

Fig. 2. Comparisons of yield, specific gravity, and incidence and se-
verity of IHN between previously identified IHN-resistant (black
bars) and IHN-susceptible (white bars) clones for each location—
year. Tests of significant differences between IHN-resistant and
IHN-susceptible clones within each location-year indicated above
bars. *,**, and ns, significant at the 0.05 and 0.01 probability levels or
not significant, respectively.
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Fe. There was significant heterogeneity (32.77 < x> <
356.14) among the error variances for all of the vari-
ables; therefore, all data were analyzed by location—year
for consistency.

There were significant differences among the clones
for yield in five of the six location—years of this study and
in all six location-years for SG (Table 2). The IHN-
resistant clones were significantly lower yielding than
IHN-susceptible clones in North Carolina and Virginia,
but similar in New Jersey (Fig. 2). In 2001, Virginia ac-
cumulated heat units more rapidly than North Carolina
and New Jersey during tuber bulking, which would indi-
cate more stressful temperatures (Fig. 1). In 2002, North
Carolina accumulated heat units more slowly than either
Virginia or New Jersey, particularly during tuber bulk-
ing. However, Tomato spotted wilt virus was much more
prevalent in North Carolina in 2002 and the growing
season was drier. These two factors contributed to the
lower yields in North Carolina in 2002. Yield was not
affected by addition of Ca in this study, regardless of
location—year. A similar lack of yield response to ad-
ditional Ca application has been reported by others
(Clough, 1994; Kleinhenz et al., 1999; Silva et al., 1991).

The relationships between SG and IHN were incon-
sistent among location-years, indicating a very com-
plex biological-environment system. The IHN-resistant
clones were lower than IHN-susceptible clones in SG
in 2001 in North Carolina and Virginia; higher in SG in
2002 in North Carolina and New Jersey; and similar in
SGin 2001 in New Jersey and in 2002 in Virginia (Fig. 2).
Genotype X environment interactions can be substan-
tial for SG (Haynes et al., 1989; Haynes, 2001; Murphy
and Goven, 1959). Applied Ca had no effect on SG
(Table 2). This agrees with the results obtained by
Locascio et al. (1992), who also found that rate of Ca
application had no effect on tuber SG.

There were significant differences among the clones
for both incidence and severity of IHN in all location—
years (Table 2). The clones previously identified as re-
sistant by Sterrett et al. (2003) were consistently lower
in incidence and severity (higher numbers reflect less in-
tense THN) than the susceptible clones (Fig. 2). Mean

incidence of IHN in the resistant clones ranged from 0 to
7.9%, whereas mean incidence of IHN in the susceptible
clones ranged from 14.96 to 63.54%. The IHN was also
less severe in the resistant clones. Mean IHN severity
ranged from 8.86 to 9.00 in the resistant clones and from
6.77 to 8.62 in the susceptible clones.

The clone X Ca interaction was significant in two of
the six location-years (North Carolina 2002 and New
Jersey 2001) for incidence of IHN, but not for severity of
IHN (Table 2). The incidence of IHN increased in two
and decreased in one IHN-susceptible clones with soil-
applied Ca in North Carolina 2002 (data not shown). In
New Jersey 2001, incidence of IHN decreased with soil-
applied Ca in three (2 THN-susceptible and 1 THN-
resistant) of the 18 clones tested. Linear correlations ()
between tuber Ca concentration and incidence or se-
verity of IHN were weak, ranging from —0.25 to 0.21
and —0.19 to 0.22 in 2001 and 2002, respectively, and
were significant in only two of the location—years (North
Carolina 2001, New Jersey 2001). Given the large num-
ber of clones examined in this study, it is apparent that
the expression of THN cannot be consistently main-
tained below current USDA grade A standards of 5%
tuber defects (by weight) with addition of soil-applied
CaS0, in the mid-Atlantic states. Silva et al. (1991) and
Davies (1998) also concluded that application of CaSO,
is inconsistent in reducing Ca-related disorders.

Significant differences among clones were found in
five location—years for tuber concentrations of P, K, Mg,
S, and Mn; in four for tuber Ca and Zn; three for tuber
Fe; one for tuber Cu; and none for Na (Table 3). How-
ever, tuber concentrations were significantly higher for
IHN-resistant than IHN-susceptible clones for Mg, S,
Mn, Ca, Cu, and Fe in six, five, five, four, one and one
location—years, respectively, but lower for P and K in
three and one location-years, respectively (Fig. 3). Tu-
ber Zn and Na were similar in IHN-resistant and THN-
susceptible clones.

Early literature suggested a nutrient imbalance as the
cause of IBS, although more recent research has focused
on inadequate Ca supply or a localized Ca deficiency
as the primary cause (Hiller et al., 1985). Locascio et al.

Table 3. Analysis of variance on tissue analyses for 18 4X-2X clones grown in Plymouth, NC, Painter, VA, and Bridgeton, NJ, in 2001

and 2002.
Source P K Mg Ca Na Zn Mn Cu Fe
0, -1
%o ngg
2001
Rep *, ns, nsti *k kNS ns, ns, ns *, %k ng ns, ns, ns Aok ok sdek *, ns, ns ns, ns, ** %k, ns, ns ns, ns, **
Clones w3k HE N RO | T wk ) FE g %, ng, * GRS | ns, ns, ns %, ns, ns kK ng **,ns, ns *, ns, ns
Rvs. S %, ns, ns ns, ns, ns wok ok K *,ms, * wkKE g ns, ns, ns ns, ns, ns w2k HE g *, ns, NS ns, ns, ns
Ca *, ns, ns ns, ns, ns ns, ns, ns ns, **, ns ns, ns, ns *, ns, ns ns, ns, ns *, ns, ns ns, ns, ns ns, *, ns
Clone X Ca ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns *%ns, ns ns, ns, ns
2002
Rep OS] RS | *%, s, ** *%, s, ** *%, s, ns *%, s, F* ns, ns, ns *, s, ** *, -, ns ns, ns, **
Clones ol e gk ol ek ol ksl ns, *, %k ol ksl ns, ns, ns ol ksl ol ek ns, -, ns g, *
Rvs. S GRS T ns, **, ns Hok kK ok ns, #*, % *y ok Kk ns, ns, ns ns, ns, ns Hok ) Kk ok ns, —, ns ns, *, ns
Ca ns, ns, ns ns, ns, ns ns, ns, ns *y wk Kk ns, ns, ns ns, **, ns ns, ns, ns ns, *, ns ns, —, ns ns, ns, ns
Clone X Ca ns, *, ns ns, *, ns ns, **, ns ns, *, ns ns, **, ns ns, **, n§ ns, ns, ns ns, ns, ns ns, —, ns ns, ns, ns

* Significant at the 0.05 level of probability.

** Significant at the (.01 level of probability.

+ Locations = North Carolina, Virginia, New Jersey, respectively.
ins, not significant.
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Fig. 3. Comparisons of pith tissue concentrations between IHN-resistant (black bars) and IHN-susceptible (white bars) clones for each location—
year. Tests of significant differences between IHN-resistant and IHN-susceptible clones within each location-year indicated above bars. *,**, and
ns, significant at the 0.05 and 0.01 probability levels or not significant, respectively.
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Table 4. Correlation coefficients among the various nutrients for 18 4xX-2X clones grown in Plymouth, NC, Painter, VA, and Bridgeton,
NJ, in 2001 (above) and 2002 (below).
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PIHN{ P K Mg Ca S Na Zn Mn Cu Fe
P %k, ns,t ns -
>.<’ **’ ns
K ns, ns, ns Aok ok ek -
*’ **’ ns **’ **, kg
Mg 1[’ §, ns **’ **, ek **’ **’ ok -
ns, 1[’ § **’ **’ kek **, **’ ok
Ca ns, ns, ns ns, *, *k sk g, Hk s ek ek _
*’ 1[’ ns **’ ns, sk kg *, kg ns, **’ £
S 1[’ §’ ns ¥ **’ sk **’ sk sk **’ **’ ok ns, ns, ¥ -
ns, ek skok ns, ns, sk **’ ns, ek **’ ns, LS **’ **, ok
Na ns, ns, ns ns, ns, * ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, * -
ns, ns, ns ns, ek, #k ns, ) wk ns, ns, ** ns, #*k, % ns, ns, **
le ns, ns, ns sk sk kg £ *’ £ **’ **’ ok ns, ns, sk **’ **’ sk ns, ns, ¥ —-
ns, ns, ns sk sk kg sk ek ok **’ *’ sk ns, ns, sk **’ **’ sk ns, ns, sk
Mn §, 1, ns ns, *, ns ns, ns, ns w3k HE N ns, **, ns GO 1) ns, ns, ns ns, **, ns -
1[’ 1[, 1[ ns, ns, & **’ ns, sk **, **’ sk ns, **’ ek **’ **’ ek ns, ns, sk ns, ns, sk
Cll ns, ns, ns **, **, ek ES **’ ek **, **, sk ns, ns, ek *’ **, skek ns, §’ ns **, **, skek ns, **’ ns -
ns, ns, ns **, **’ ES ek **, ek **’ **, sk **’ **’ sk **, *’ sk ns, **, ES *’ ns, sk ns, ns, £
Fe ns, ns, ns ns, ns, ns %, ns, ns K ns ns, *, ns *, %, ns §, ns, w3k HE NS Ak k& K ns
E3 k E3 E3
ns, 1[’ ns *’ ns, sk **, ns, ek **, *>I~, sk ns, **’ 3k **’ *, skok ns, ns, sk *’ **’ sk **’ **’ sk ns, *’ ek

* Positive correlations significant at P = 0.05.

** Positive correlations significant P = 0.01.

 PIHN, percentage of tubers with symptoms of IHN.
ins, not significant.

§ Negative correlation significant at P = 0.05.

1 Negative correlation significant at P = 0.01.

(1992) found cultivar differences in tuber K concentra-
tion, but reported increased tuber K with additional Ca
in only 1 of 3 yr. We also found cultivar differences in
tuber K concentration, but additional Ca did not in-
crease K at any of the six location—years. Clough (1994)
reported elevated tuber Ca with preplant applied Ca in
‘Frontier’, but not Russet Burbank. The IBS was re-
duced from 16.7 to 13.8% in that study, with application
of 270 Mg ha~! CaS0,. However, tuber Ca in our trial
averaged 185% of the tuber Ca reported for cultivars
grown in the Clough study, and the percentage of tubers
with IHN in susceptible clones exceeded 33% in five of
the six location—years. Clough (1994) reported an in-
crease in tuber S and Mn with increased preplant soil-
applied Ca by 8 and 4%, respectively, while added Ca
increased S and Mn by 2 and 4%, respectively, in our
study. However, S and Mn found in tuber tissue in our
study was 81 and 71% of that reported by Clough
(1994). Clough (1994) also reported that increased pre-
plant soil-applied Ca had no effect on tuber P, Mg, Fe,
Cu, or Zn.

Many of these nutrients play important roles in mul-
tiple biochemical pathways. Correlations between any
two nutrients ranged from —0.22 to 0.89 within the six
location—years (data not shown), suggesting a complex
interrelationship among them. More than half of the
correlations among the concentrations of any two tuber
nutrients were significant and positive (Table 4).

The CART analyses were used to examine the com-
plex interactions among nutrients and IHN. The CART
analyses provide advantages in dealing with depen-
dencies among variables. The first variable to be pulled
out in the split is the most important in reducing the
within-group variation for that location—year. Manga-
nese explained the most variation in four of the six
location—years (Virginia 2001, Virginia 2002, New Jersey
2001, New Jersey 2002) (Fig. 4). Although the absolute

values of Mn differ among these four location—years,
higher concentrations of Mn were consistently associ-
ated with resistance to IHN and lower concentrations of
Mn were consistently associated with susceptibility to
THN. Phosphorus explained the most variation in the
remaining two location-years (North Carolina 2001,
North Carolina 2002). The reason for these differences
among locations is unknown.

In two of the location—years (New Jersey 2001, Vir-
ginia 2002), P was the second most important splitting
variable. In all four location—years, higher concentra-
tions of P were consistently associated with susceptibility
and lower concentrations of P were consistently asso-
ciated with resistance to IHN. In three of the location—
years, S was an important splitting variable; higher
concentrations of S were consistently associated with
resistance to IHN and lower concentrations of S were
consistently associated with susceptibility to THN.

Other researchers have reported on the correlations
between IHN and various tuber nutrients. Our research
is the first published report on the correlations that exist
among the different tuber nutrients and indicates that
the individual tuber nutrients are not independent of
each other. This introduces an additional layer of com-
plexity to the analysis. Unlike ANOVAs that assume
independence, CART analyses makes no assumption
about independence among regressor variables, thus al-
lowing for a more comprehensive examination of them.
The CART analyses, which allow for all possible com-
binations of nutrients, identified Mn as the most im-
portant THN explanatory variable for New Jersey and
Virginia both years and P in North Carolina both years.
However, the most significant correlations involving
IHN were observed with S (r = —0.35, P < 0.01), Mn
(r=-0.35,P<0.01),S (r=-0.35,P <0.001), Mn (r =
—0.25, P < 0.01), P (r = 045, P < 0.01), and Mn (r =
—0.34, P < 0.01), in North Carolina 2001, Virginia 2001,
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North Carolina 2001

North Carolina 2002

P<0.29 P>0.29
N1 N=§7 P<023 P>023
3.1 % IHN 32.9 % THN N=34 N =66
5.0 %IHN 26.8% THN
Mg >0.14 Mg<0.14 Zn>215 Zn<21.5
N=29 N=58 N=34 N=32
17.7 % THN 40.6 %ITHN 13.6% IHN 40.8% THN
P<0.37 P>0.37 S$>0.19 $<0.19 K <3.06 K>3.06
N=18 N=11 N=10 N=48 N=23 N=9
7.2 %THN 34.9 %IHN 17.1 % THN 45.5 %IHN 28.0% THN 73.3% THN
Average percent IHN for this location was 28.1 ‘ Average percent IHN for this location was 19.4 ‘
Virginia 2001 Virginia 2002
Mn >9.5 Mn <9.5 Mn>75
N=77 N=19 N=74 Mn<7.5
5.8% IHN 23.29% IHN 21.4% THN N=32
63.1% THN
Mn > 12.5 Mn< 125
N=41 N=36 K<237 K>237 P<0.33 P>0.33
2.9% THN 9.1% IHN N=13 N=6 N=49 N=25
14.2% IHN 42.5% THN 11.9% THN 40.0% THN
Fe < 66 Fe > 66
N=31 N=5 $>0.19 $<0.19
5.7% IHN 29.8% IHN N=7 N=18
1.9% IHN 54.8% IHN
Average percent THN for this location was 9.2
Average percent IHN for this location was 34.0 ‘
New Jersey 2001 New Jersey 2002
Mn>17.5 Mn<75 Mn > 6.5 Mn<6.5
N=98 N=6 N =60 N=44
37.2% IHN 76.8% THN 20.0% THN 52.6% THN
P<0.38 P>0.38 Mg > 0.085 Mg < 0.085 Na<0.015 Na>0.015
N=284 N=14 N=54 N=6 N=29 N=15
33.5% IHN 59.7% IHN 17.7% THN 40.1% THN 42.1% THN 72.9% IHN
$>0.16 $<0.16
N=17 N<=67 Fe <455 Fe >45.5
10.8% IHN 39.2% IHN N=41 N=13
14.8% IHN 26.9% THN

Average percent THN for this location was 39.5

Average percent IHN for this location was 33.8

Fig. 4. Results of the CART analyses of tissue nutrient concentration on incidence of IHN for 4X-2X clones grown in Plymouth, NC, Painter, VA,
and Bridgeton, NJ, in 2001 and 2002. At each branch, the tissue nutrient concentration associated with greater resistance to IHN is shown on
the left-hand side of the branch and the tissue nutrient concentration associated with greater susceptibility is found on the right-hand side of

the branch.

New Jersey 2001, North Carolina 2002, Virginia 2002,
and New Jersey 2002, respectively. Thus, the nutrients
explaining the most variation were not always the same
in the CART and the correlation analyses.

Internal heat necrosis is obviously under complex bio-
logical and physiological control. The bulk of the literature
to date has focused on the possible role of Ca in the ex-
pression of IHN. Our research clearly shows that Mn, P,
and S explain more of the observed variation in IHN ex-
pression than Ca. In four of the six location-years of our
study, no correlation was observed between Ca and either
incidence or severity of IHN; in the other two location—
years the correlations were opposite. Davies (1998) also
found stronger correlations between IBS and Mg (—0.54)

or P (—0.58) than with K (—0.38) or Ca, but poor cor-
relations with Na, Zn, Mn, and Cu. In our study we found
no correlations between incidence of IHN with Na, Cu,
and Zn. However, we did find that the correlations be-
tween incidence of IHN with Mn, K, and Fe were sig-
nificant in five, two, and one location—years, respectively.

More potato clones having greater genetic diversity
were examined in this study than in previous studies on
the relationship between IHN and tuber nutrient status.
Our study examined 18 clones, whereas Kleinhenz et al.
(1999) only used Atlantic, Clough (1994) studied three
potato varieties, and Davies (1998) reported on eight.
Both the tuber Ca concentrations of Atlantic and the
incidence of IHN in our study exceeded previously pub-
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lished results, indicating that just increasing the tuber
Ca content is not sufficient to control ITHN in the mid-
Atlantic states.

The results of this study suggest that higher concen-
trations of Mn and S, and lower concentrations of P are
associated with resistance to IHN. However, there were
apparently no threshold values for these concentrations.
Thus, until we understand more about the underlying
mechanisms governing resistance to IHN, reducing THN
by manipulating soil fertility is not feasible. Davies
(1998) concluded that a plant-based rather than a soil-
based solution to the problem of IHN is needed. Sterrett
et al. (2003) identified high SG 4X-2X hybrids with re-
sistance to THN. Our research is the first reported effort
to understand the differences in nutrient composition of
genetic material with known resistance or susceptibil-
ity to THN. This has brought us a step closer to a plant-
based solution for IHN.

REFERENCES

Akeley, R.V., WR. Mills, C.E. Cunningham, and J. Watts. 1968.
Lenape: A new potato variety high in solids and chipping quality.
Am. Potato J. 45:142-149.

Anonymous. 1970. Lenape variety withdrawn. Am. Potato J. 47:103.

Bamberg, J.B., J.P. Palta, L.A. Peterson, M. Martin, and A.R. Krueger.
1993. Am. Potato J. 70:219-226.

Breiman, L., JH. Friedman, R.A. Olshen, and C.J. Stone. 1984.
Classification and regression trees. Wadsworth International
Group, Belmont, CA.

Clough, G.H. 1994. Potato tuber yield, mineral concentration, and qual-
ity after calcium fertilization. J. Am. Soc. Hortic. Sci. 119:175-179.

Davies, H.V. 1998. Physiological mechanisms associated with the de-
velopment of internal necrotic disorders of potato. Am. J. Potato
Res. 75:37-44.

Douches, D.S., D. Maas, K. Jastrzebski, and R.W. Chase. 1996.
Assessment of potato breeding progress in the USA over the last
century. Crop Sci. 36:1544-1552.

Haynes, K.G. 2001. Variance components for yield and specific gravity
in a diploid potato population after two cycles of recurrent selec-
tion. Am. J. Potato Res. 78:69-75.

Haynes, K.G., EL. Haynes, and W.R. Henderson. 1989. Heritability of
specific gravity of diploid potato under high temperature growing
conditions. Crop Sci. 29:622-625.

Haynes, K.G., D.R. Wilson, and M.J. Kang. 1995. Genotype X envi-
ronment interactions for specific gravity in diploid potatoes. Crop
Sci. 35:977-981.

Henninger, M.R., S.B. Sterrett, and K.G. Haynes. 2000. Broad-sense
heritability and stability of internal heat necrosis and specific grav-
ity in tetraploid potatoes. Crop Sci. 40:977-984.

Hiller, L.K., D.C. Koller, and R.E. Thornton. 1985. Physiological dis-

orders of potato tubers. p. 389-455. In PH. Li (ed.) Potato physi-
ology. Academic Press, Orlando, FL.

Kleinhenz, M.D., J.P. Palta, C.C. Gunter, and K.A. Kelling. 1999. Im-
pact of source and timing of calcium and nitrogen applicaton on
‘Atlantic’ potato tuber calcium concentrations and internal quality.
J. Am. Soc. Hortic. Sci. 124:498-506.

Kratzke, MG., and J.P. Palta. 1986. Calcium accumulation in potato
tubers: Role of the basal roots. HortScience 21:1002-1024.

Lee, G.S,, S.B. Sterrett, and M.R. Henninger. 1992. A heat-sum model
to determine yield and onset of internal heat necrosis for ‘Atlantic’
potato. Am. Potato J. 69:353-362.

Locascio, SJ., JA. Bartz, and D.P. Weingartner. 1992. Calcium and
potassium fertilization of potatoes grown in North Florida. I.
Effects on potato yield and tissue Ca and K concentrations. Am.
Potato J. 69:95-104.

Love, S. 1993. Potato pedigree management software. v. 1.0. Univ. of
Idaho, Aberdeen.

Mendoza, H.A., and FL. Haynes. 1974. Genetic relationship among
potato cultivars grown in the United States. HortScience 9:328-330.

Mills, H.A., and J.B. Jones, Jr. 1996. Plant analysis handbook 11.
Horticulture solutions, Atlanta, GA.

Murphy, H.J., and M.J. Goven. 1959. Factors affecting the specific
gravity of the white potato in Maine. Bull. 583. Maine Agric. Exp.
Stn., Orono.

Palta, J.P. 1996. Role of calcium in plant responses to stresses: Linking
basic research to the solution of practical problems. HortScience
31:51-57.

SAS Institute. 1999. SAS system for mixed models. 3rd ed. SAS Inst.,
Cary, NC.

Silva, G.H., R.W. Chase, R. Hammerschmidt, M.L. Vitosh, and R.B.
Kitchen. 1991. Irrigation, nitrogen and gypsum effects on specific grav-
ity and internal defects of Atlantic potatoes. Am. Potato J. 68:751-766.

Simmons, K.E., K.A. Kelling, R.P Wolkowski, and A. Kelman. 1988.
Effect of calcium source and application method on potato yield
and cation composition. Agron. J. 80:13-21.

S-Plus. 2001. Classification and regression trees. p. 1-36. In S-Plus 6 for
Windows guide to statistics. Vol. 2. Insightful Corp., Seattle, WA.

Sterrett, S.B., and M.R. Henninger. 1991. Influence of calcium on
internal heat necrosis in Atlantic potato. Am. Potato J. 68:467-477.

Sterrett, S.B., M.R. Henninger, and G.S. Lee. 1991a. Relationship
of internal heat necrosis of potato to time and temperature after
planting. J. Am. Soc. Hortic. Sci. 116:697-700.

Sterrett, S.B., M.R. Henninger, G.C. Yencho, W. Lu, B.T. Vinyard, and
K.G. Haynes. 2003. Stability of internal heat necrosis and specific
gravity in tetraploid X diploid potatoes. Crop Sci. 43:790-796.

Sterrett, S.B., G.S. Lee, M.R. Henninger, and M. Lentner. 1991b.
Predictive model for onset and development of internal heat ne-
crosis of ‘Atlantic’ potato. J. Am. Soc. Hortic. Sci. 116:701-705.

Tzeng, K.C., A. Kelman, K.E. Simmons, and K.A. Kelling. 1986.
Relation of calcium nutrition to internal brown spot of potato tu-
bers and sub-apical necrosis of sprouts. Am. Potato J. 63:87-97.

USDA. 1972. United States standards for grades of potatoes [Online].
Available at http://www.ams.usda.gov/standards/potatoes.pdf [cited
31 Mar. 2005; verified 22 Feb. 2006]. USDA-Agricultural Market-
ing Service, Washington, DC.



